Here we describe a protocol for using force-clamp spectroscopy to precisely quantify the effect of force on biochemical reactions. a calibrated force is used to control the exposure of reactive sites in a single polyprotein substrate composed of repeated domains. the use of polyproteins allows the identification of successful single-molecule recordings from unambiguous mechanical unfolding fingerprints. Biochemical reactions are then measured directly by detecting the length changes of the substrate held at a constant force. We present the layout of a force-clamp spectrometer along with protocols to design and conduct experiments. these experiments measure reaction kinetics as a function of applied force. We show sample data of the force dependency of two different reactions, protein unfolding and disulfide reduction. these data, which can be acquired in just a few days, reveal mechanistic details of the reactions that currently cannot be resolved by any other technique.
IntroDuctIon
Single-molecule force-clamp spectroscopy is an expanding field of research in which molecules are studied under mechanical force. Force-spectroscopy techniques were initially developed to measure the effect of a mechanical force on individual biomolecules stretched under constant velocity conditions. From these early experiments, it was clear that mechanical forces trigger conformational changes in a diverse set of molecules, including proteins 1 , polysaccharides 2, 3 and DNA 4 . Atomic force microscopy (AFM) has been especially successful for studying the mechanical properties of recombinant polyproteins, which are typically < 50 nm in length. By using single-molecule AFM, it became possible to stretch single polyprotein molecules tethered between a gold-coated surface and the tip of an AFM cantilever probe 1, 5 . These initial measurements were acquired in the force-extension AFM mode, in which the separation between the cantilever and the surface is changed linearly with time. These experiments measured the force applied to the protein as a function of its extension, giving rise to the nowfamiliar sawtooth pattern traces of unfolding 5 . These observations revealed fundamental properties of proteins exposed to mechanical perturbations, which could not be captured using classical bulk biochemistry techniques. For example, the unfolding patterns of fibronectin and titin revealed that modular proteins unfold under force according to a mechanical hierarchy 6, 7 and that the mechanical stability of a protein changes depending on where the force is being applied [8] [9] [10] .
Those discoveries notwithstanding, force-extension experiments are of very limited use in the study of chemical reactions. For example, studies of reactions involving buried (cryptic) disulfide bonds using force-extension experiments proved to be problematic for the following reasons. In the absence of reducing agents, disulfide bonds are expected to rupture under mechanical stress alone at forces of ~3,500 pN (ref. 11) . Hence, in the absence of DTT, sawtooth patterns showed unfolding of an I27 mutant polyprotein at ~180 pN, with each domain extending right up to the disulfide bond, whereas in the presence of DTT a second regime was observed at higher forces (~300 pN), which corresponded to the rupture of the disulfide bonds 12 . From such data, one may reach the incorrect conclusion that the rupture forces measured the mechanical stability of a disulfide bond. In reality, mechanical unfolding of a domain exposed its cryptic disulfide and started the clock for the S N 2 chemical reaction between the disulfide and the DTT 13 . At the same time, the protein continued to be extended, reaching increasingly higher forces until the disulfide bond was reduced. Hence, the observed rupture force, far from measuring mechanical stability of a disulfide bond, represents a complex convolution of chemical kinetics, force, length and time, which can be impossible to unravel. Owing to these limitations, the force-sensitivity of a chemical reaction cannot be studied effectively using force-extension techniques. In contrast, in force-clamp AFM, an active feedback maintains the force at a constant value. A force protocol is programmed to simultaneously expose the reactive sites, readily separating force, length and time, and also allowing for the accurate measurement of reaction rates and their sensitivity to force.
Although it was evident to us that studies on mechanical biochemistry had to be done under force-clamp conditions, developing suitable instrumentation and methods of analysis has been a great challenge over the years. For example, our first effort to measure the force dependency of protein unfolding using force-clamp techniques failed, owing to the poor performance of the piezoelectric actuators and AFM cantilevers available at the time 14 . The introduction of the picocube piezoelectric actuator by Physik Instrumente in 2003 greatly increased the accuracy of the instrument, making it possible to measure the force dependency of a chemical reaction 13, 15, 16 . More recently, the manufacturing of AFM cantilevers by companies such as Olympus and Bruker has further increased the reliability of these measurements [17] [18] [19] [20] [21] [22] [23] . Although our initial efforts have been concentrated in studying the redox chemistry of disulfide bonds 13, 16, [24] [25] [26] [27] [28] , we anticipate that our techniques will be extended to studying reactions that involve many other types of chemical bonds in polysaccharides, nucleic acids and other molecules.
Force dependency of biochemical reactions measured by single-molecule force-clamp spectroscopy
The force-clamp technique now makes it possible to tackle key scientific questions that lie at the interface between physics, biology and chemistry. The technique is now available to scientists interested in new fields of inquiry from a single-molecule perspective. There are a number of key considerations in sample preparation, data collection, selection and analysis, which need to be taken into account in order to obtain reliable and reproducible results when one is using these techniques. By distilling a decade of experience, here we provide a practical guide of the details required to complete single-molecule force-clamp spectroscopy experiments with AFM.
An overview of force-clamp AFM
The technological improvements and our accumulated expertise in force-clamp spectroscopy have crystallized in a new commercial setup designed in collaboration with Luigs & Neumann (Germany) (Fig. 1a-c) . This instrument is specifically built to enable fully automated operation in force-clamp mode. Part of the data shown in this protocol was acquired using a prototype of this instrument. There are other commercial instruments that are capable of operating in force-clamp mode; these are manufactured by companies such as Asylum Research and JPK Instruments.
In a typical measurement, the proportional-integral-derivative (PID) feedback loop follows a given setpoint force protocol that is appropriate for the studied reaction. Depending on the reaction under investigation, this protocol may have one or several constant pulling forces (Fig. 1d,e) . The cantilever (Fig. 1f) is initially pushed onto the surface in order to attach to a polyprotein chain. Once a polyprotein is tethered between the cantilever and the surface, the length of the polyprotein is monitored over time. Each time an unfolding or disulfide reduction event takes place, the unraveling of the trapped amino acids leads to a sudden increase in extension, which in turn causes a relaxation of the cantilever (Fig. 1g) . The forces used are high enough to ensure an immediate extension after the breaking of the chemical bond. A possible limitation might arise at low forces that are less efficient in unraveling collapsed polypeptides.
When bond rupture has occurred, causing cantilever relaxation, the PID feedback loop moves the surface away from the cantilever until the measured force again matches the setpoint. Polyproteins show in length-versus-time plots staircase-like changes, with each step corresponding to the extension of one domain in the polyprotein (Fig. 1g) .
The main components of our force-clamp AFM setup are described in brief below.
Piezoelectric actuator. The piezoelectric actuator (denoted as 'piezo' in Fig. 1a) is the moving stage that controls the extension of the molecule. The basis for this positioning stage is the piezoelectric effect, in which an applied voltage induces displacements with Ångström resolution. Typical piezoelectric actuators have travel ranges from hundreds of nanometers to few micrometers. Piezo actuators show hysteresis in the form of a history-dependent displacement with the driving voltage, which can cause errors in length. Thus, piezos An initial force pulse unfolds the composing protein domains in short time with a step size ∆l 1 . A nucleophile or an enzyme reduces the exposed disulfide bonds, resulting in a different step size ∆l 2 . (e) Different force protocols used in force-clamp AFM: (i) a brief pushing force is followed by a constant pulling force. This protocol is best suited for studies of mechanical protein unfolding. The negative sign represents a push force and the positive sign a pull force.
(ii) Two pulling forces are used, one at which proteins unfold and the other at which the chemical reaction occurs. (iii) The force is quenched between the two pulling pulses. This protocol is best suited for studying protein collapse and refolding at a low force 46, 47 . Refolding can be quantified from the number of domains that regain mechanical stability during the quench, as probed during the second pulling pulse or probe pulse. showing hysteresis require an independent measurement of displacement, using, for instance, a capacitive or resistive sensor. Recently, Physik Instrumente developed a new type of piezo that addresses the above-mentioned problem: the P-313 PicoCube. This piezo incorporates a mechanical mechanism to correct for hysteresis, thereby removing the need for an independent measurement of the position and thus eliminating associated noise.
Force detection. The force experienced by the cantilever is measured through the position of a laser beam reflection, which is monitored by a quadrant photodiode (PD, First Sensor). Our setup uses a 670-nm fiber-coupled laser diode (Schäfter + Kirchhoff), with a 12-mm fiber collimator, which is capable of giving a sharply focused beam on the back of the cantilever. Sharp focusing leads to less light leakage, limiting the effect of interference when you are using reflective surfaces such as gold (see TROUBLESHOOTING section). The laser diode has good beam stability, which is important in order to minimize the time-dependent noise in the force measurement. The output of the sensor is proportional to the force on the cantilever, assuming that all responses are in a linear regime. The setup includes a video camera that is used to align and focus the laser on the cantilever (Fig. 1c,f) .
Fluid cell. The cantilever is held in place by a spring-based mechanism implemented inside the fluid cell. The laser beam passes through the quartz surface of the fluid cell and bounces back from the cantilever through the same surface. A silicon O-ring seals the fluid cell, thus slowing the evaporation of the solution.
Control of the AFM. Instrument control and data acquisition are done on a PC using a USB-connected data acquisition card (National Instruments). Our AFM control software is customwritten in Igor Pro (Wavemetrics). Force-clamp operation is implemented using a PID feedback system that drives the AFM to follow a given force protocol (Fig. 1e) . The analog PID features two inputs-the force setpoint (from the PC) and the measured force (from the cantilever)-and one output that controls the piezo displacement (Fig. 1a) . Inside the PID controller (Fig. 1b) , the two inputs are first fed into a differential amplifier, generating an error signal. This error signal is then processed in three parallel gain stages (proportional, integral and derivative). The outputs of these three stages are summed, amplified and sent to the piezo, thus driving the AFM to attain the required setpoint force. The individual gains of the feedback system are set to minimize the response time while still ensuring stability (meaning that the system converges at the desired setpoint). As shown in Figure 1b , the individual gain parameters can be controlled through appropriately placed variable resistors. To avoid artifacts resulting from rapid transients, the output signal can be passed through a low-pass filter (5 kHz) before being sent to the piezo.
Automation. Fully automated operation of the AFM is enabled by the addition of translation stages that correct for mechanical drift between experimental trials. The positions of the piezo actuator and the quadrant PD are adjusted using such auxiliary piezo stages (Agilis, Newport). In the absence of sample degradation, experiments can be run continuously for several days without user intervention.
Vibration isolation.
The AFM setup is placed on top of an active vibration isolation platform (Accurion), which in turn is placed on a rigid table.
Experimental design
Polyprotein engineering for mechanical fingerprinting. The outcome of single-molecule measurements can be severely biased by the presence of contaminants such as other proteins, impurities 24 , dissolved in 50 mM borax buffer (pH 8.5); incubate them in a dark, humid chamber for 1 h. 5. Separate the sandwiches, wash the coverslips with DD water and dry them with nitrogen. 6. Sandwich the coverslips with freshly prepared chloroalkane ligand to a final concentration of 7.5 mM, diluted with 50 mM borax buffer (pH 8.5); incubate them in a dark, humid chamber overnight.
from the surface or aggregates, as well as by the tethering of more than one molecule. Force-clamp AFM uses polyproteins to avoid these drawbacks. These polyproteins are typically homologous repeats of the protein of interest 5, 29 . Traces from these polyproteins show unique repetitive features that set them apart from recording of other present molecules. The mechanical unfolding of a polyprotein leads to identical step increases in the measured end-to-end length, resulting in a characteristic 'staircase'. Such a staircase is virtually impossible to obtain from the rupture of multiple nonspecific interactions 1 . If more than one polyprotein is tethered at the same time, several populations of step sizes appear. The staircase profile thus represents the mechanical fingerprint of the proteins being measured.
In the most popular configuration (gold surface on the piezo, silicon nitride cantilever), the AFM tip can attach to the polyprotein at any point along its length, thus rendering traces that probe a varying number of domains 5 . Only recordings that have a minimum number of identical steps and that last long enough (see 'Minimum duration of recordings' below) should be included in the analysis. Unfolding traces may have additional steps apart from the expected fingerprint, which is indicative of attachment to more than one molecule, attachment to a dimer molecule (from the oxidation of the terminal thiol) or aggregation. However, as it is usually not possible to determine the source of such steps, these recordings are excluded from the analysis. One possible exception to this rule may be the steps detected at the beginning of a trace. In this case, nonspecific interactions between the cantilever and small surface-adsorbed contaminants are broken and, immediately after, the protein construct experiences the setpoint force 5 .
The polyprotein constructs used in force-clamp measurements are engineered through molecular biology techniques 5 . Natural polyproteins such as ubiquitin 8 , titin 1 and filamin 30 can also be used in these experiments with minimal modification, such as the addition of purification tags and terminal cysteines.
The polyprotein construction starts with amplification of the DNA encoding the protein of interest using PCR with specific restriction sites added. The DNA of this single monomeric protein is then sequentially digested and ligated using the restriction sites of a cloning vector, resulting in dimers, tetramers, octamers and so on 5 . Upon digestion with the appropriate enzymes, the DNA insert of the multimeric protein is cloned into a specific expression vector having a His 6 tag. This expression vector endows transformed bacteria with antibiotic resistance and offers the possibility of triggering the expression of the protein of interest by the addition of IPTG. After protein expression, the cells are collected and lysed using enzymatic and mechanical treatments. The soluble fraction is passed through two separation columns: a His 6 tag affinity column and a size-exclusion column. Depending on the expressed protein, the concentrated fractions are then stored at 4 or −80 °C until further use.
Cantilever calibration. Cantilevers are typically manufactured from silicon, borosilicate glass or silicon nitride using microelectromechanical systems, and they may have a gold coating in order to improve their reflectivity. On the sample-facing side, the cantilevers Box 1 | (continued) 7 . Separate the sandwiches, wash the coverslips with DD water and dry them with nitrogen. 8. Quench the reaction with 50 mM 2-mercaptoethanol for 5 min. 9. Wash the coverslips with DD water, dry them with nitrogen and store them 4 °C in a dark humid chamber for up to one week. preparation of functionalized gold cantilevers for Halotag chemistry 10. Expose cantilevers to oxygen plasma for 1 min. 11. Mount the cantilevers in the evaporator and evacuate the chamber. 12. Evaporate 2 nm of Cr/Ni mixture. 13. Evaporate 10-15 nm of Au. ! cautIon Too much added mass of Cr/Ni or gold may induce bending of the cantilever, altering the reflection pathway of the laser. Too little added mass of Cr/Ni or gold may lead to the peeling of the gold layer, which translates into a decrease in the pickup rate with time. 14. Store the gold cantilevers in the original box until use. Gold cantilevers can be washed with 100% ethanol before the experiment. have a tip with a sharpness of 10-30 nm, which increases the probability of attachment to only one molecule. For small bending angles, the cantilever behaves like a Hookean spring, with a spring constant that is determined by its material and dimensions. We calibrate each cantilever using the thermal fluctuations method, which is based on the equipartition theorem 31 . The equipartition theorem states that the kinetic energy of each degree of freedom (such as a vibrational mode) equals half the thermal energy k B T ( = 4.11 pN·nm). The calibration of cantilevers comprises two steps (Fig. 2) . In the first step, the thermal fluctuations of the cantilever far from the surface are measured and Fourier-transformed in order to separate the main vibration mode. By integrating the area below the first resonance peak, the mean squared displacement 〈x 2 〉 is measured in units of V 2 (Fig. 2a) . In the second step of the calibration procedure, the cantilever is brought close to the surface and a deflectionextension curve is measured (Fig. 2b) . When in contact, the piezo and the cantilever travel identical distances. The slope s = ∆z/∆V of this constant compliance region of the curve yields a correlation between the change in voltage (∆V) measured by the PD and the bending distance (∆z) measured from the movement of the piezo, in units of nm V − 1 . Finally, the spring constant of the cantilever in pN nm − 1 units is obtained according to the following formula:
Cantilever selection. The choice of cantilevers is critical for the experimental outcome, as cantilevers influence the signal-to-noise ratio, drift and feedback response times. The lateral dimensions of the cantilever have to be large enough to reflect the laser beam. Cantilevers with small spring constants give a better signal-to-noise ratio, as they deflect more for the same change in force. Cantilevers with small lateral dimensions typically have not only higher resonance frequencies and lower viscous drag, but also higher spring constants. The resonance frequency of the cantilever limits the response time of the feedback loop. Figure 2a shows the power spectra of three typically used cantilevers: MLCT-C (Bruker), BL-RC150VB-A (Olympus) and BL-AC40TS (Olympus). The MLCT cantilevers yield a stable signal, are linear over a wide range of forces, have a good price/performance ratio and give a response time of down to 1 ms. BL-RC150VB cantilevers have a higher spring constant, but they can yield feedback response times down to 150 µs and are therefore ideal for measuring fast processes 21 .
Sample surface preparation and covalent attachment. The surface of choice for adsorbing polyprotein constructs has traditionally been gold, which can bind to the thiol group of a terminal cysteine in a protein. The silicon-nitride cantilever attaches randomly to the polyprotein through unknown interactions, probably involving physisorption. The gold surfaces can be prepared by evaporating 40 nm of gold on top of a 20-nm 'gluing' layer of a 1:1 chromium/nickel (Cr/Ni) mixture deposited on a clean glass surface.
A recently developed method for dual specific covalent attachment holds the promise of vastly increasing the probability of having proteins tethered precisely from their termini and of holding on to a single protein for long durations, even over several minutes ( Fig. 3; Box 1 ). This attachment chemistry was first described by Taniguchi and Kawakami 32 , and it has been successfully implemented in our laboratory (I.P. et al., unpublished data). In this approach, polyprotein constructs are engineered to have a HaloTag protein (a mutant haloalkane dehalogenase) at one terminus and a cysteine at the opposite end. The HaloTag forms an ester bond with a chloroalkane ligand linked covalently to the glass surface. Cantilevers can be similarly functionalized or coated with a gold layer. As opposed to the gold surface-silicon nitride cantilever method presented in the current protocol, the chloroalkane surface-gold cantilever approach (from Box 1) is more sensitive to variations in sample preparation because of the complexity of the functionalization procedure.
Other covalent attachment approaches for AFM experiments have also been explored in the past. Ikai and colleagues 33 managed to attach a protein to an AFM cantilever by using thiol chemistry to tether carbonic anhydrase to AFM cantilevers and silicon substrates. Gaub and collaborators 34 engineered a polyprotein containing a SNAP-tag enzyme at its C terminus, which reacts with benzylguanine, thereby forming a covalent bond. Zakeri et al. 35 developed an attachment method based on the isopeptide bond by using a peptide chain to form an amide bond with its protein partner.
Minimum duration of recordings.
A minimum duration for each recording should be defined to avoid biasing the measured reaction rates. Weak polyprotein anchoring leads to a high probability of detachment, which can take place before all the events have occurred. Without a strong selection criterion for minimum duration, slow events will be missed and the rate will be overestimated, creating an artificial plateau in the force dependency (see TROUBLESHOOTING section) 22 . The analysis must include only traces that are long enough for the rate being measured. A simple way to ensure that random detachment times are not introducing artifacts is to show that the measured rate is not affected by increasing the minimum trace duration 22 . With covalently tethered polyproteins and more stable cantilevers, it is now becoming possible to make unambiguous long-lasting recordings that easily meet these criteria. When you are analyzing these recordings, take extra care to detect and include fast early events that may be poorly resolved. By overlooking fast events, the measured rate can be artificially underestimated.
Data analysis.
Recordings that pass all these selection criteria are used to calculate reaction rates. First, each trace is cropped so that it starts with the onset of the reaction and ends at the previously determined minimum duration requirement (Fig. 4) . The cropped trace should consist of flat regions interrupted only by a series of steps corresponding to the studied reaction. For unfolding experiments, the first cut is made at the beginning of the plateau that precedes the first unfolding event (Fig. 4a) . This cropping protocol leaves out the initial elastic extension of the polyprotein and any changes in length caused by nonspecific interactions with the surface, which are unrelated to the unfolding of the polyprotein. In disulfide reduction experiments, the first cut is made at the start of the reduction pulse (Fig. 4b) . From this point onward, the cropped traces from unfolding and reduction experiments are analyzed in an identical way. For each force, all of the cropped traces are summed and normalized (Fig. 5a-c) . The time course of the resulting summed trace reflects the progression of the studied process, as every length increment reports on a single reaction.
Dwell time analysis is an alternative to summed traces 17, [36] [37] [38] [39] . In this analysis, zero time is once again set at the beginning of the plateau preceding the first unfolding or reduction event. A dwell time is the time at which a single event occurs, measured from the zero time reference. The result of this method of analysis is a distribution of all dwell times for a given process.
Modeling. If the process follows simple exponential kinetics, the reaction rate r at a given set force can be extracted by fitting the normalized extension l to l = 1 − exp( − r · t) ( Fig. 5c; ref. 15 ). For some reactions, the force dependency of the rate appears as a straight line when it is displayed in a semilogarithmic plot (see ANTICIPATED RESULTS). In those cases, data can be analyzed by assuming the simple Arrhenius kinetics, where the reaction rate changes according to
(where r 0 is the rate in the absence of force, F is force, ∆x is the distance to the transition state, k B is the Boltzmann constant and T is the absolute temperature) 40, 41 . Thus, in this model the distance to the transition state is obtained from the slope in the semilogarithmic plot. The height of the energy barrier of the reaction can be obtained from the extrapolated value in the absence of force combined with the pre-exponential factor that we measured to be A ~ 10 8 M − 1 s − 1 for chemical reactions 26 and A ~ 10 9 s − 1 for mechanical unfolding 19 . In some other cases, force dependencies may not be single exponential and other methods of analysis are needed to interpret the results 16, 42 .
By using dwell time analysis, we have shown that the time course of mechanical unfolding of the ubiquitin and I27 proteins does not follow simple exponential kinetics 17, 36, 39, 43 . For both proteins, we have recently proposed that the origin of the nonexponential behavior can be explained in terms of a static disorder scenario 17, 39 .
In this framework, static disorder originates from the existence of an ensemble of conformations that populate the transition state of the unfolding process and that cannot interconvert during the time scale of the experiment. Dwell time analysis of the unfolding and reduction processes taking place within the same protein show the presence of static disorder for the unfolding process and the lack of it for the chemical reaction 39 . This finding also excludes the possibility of static disorder being a consequence of instrument errors. Despite these findings, single exponential fits of the measured extensions are good approximations with which to evaluate reaction rates (Fig. 5c) .
The force dependency of a reaction is determined by the underlying free-energy landscape of the molecule 44 . We anticipate that more sophisticated models for analyzing force dependencies will become available in the next few years, which will allow for a better description of free-energy landscapes.
Error analysis. The error of a measured rate is determined through a bootstrapping procedure 16, 45 . The bootstrap analysis uses the number of iterations N BS as an input parameter, and it carries out the following procedure for each experimental condition (e.g., for each force). In the pool of experimental traces selected for analysis, each trace is considered an independent observation. On the basis of this original data set, a chosen number (N BS ) of artificial data sets are then created, each containing the same number of traces as the original data set. Individual traces from the original data set are randomly selected to populate the artificial data sets (a trace can be selected more than once). If one assumes simple exponential kinetics, the traces in each artificial data set can be summed and fitted to a single exponential to yield a rate. These N BS rates obtained from the chosen number of data sets give the spread of the data and hence the s.e.m. (Fig. 5d) . The s.e.m. measured by this method converges to a single value as the number of bootstrap iterations (N BS ) increases, and a sufficiently large number of iterations should therefore be used. We have found empirically that 300 iterations (N BS = 300) are usually sufficient to converge into a reliable result.
Sources of error.
The main sources of experimental errors arise from laser interference, errors in the thermal fluctuations spectrum, nonlinearity in the contact slope measured during cantilever calibration, and errors due to feedback response time (Figs. 6 and 7) . These errors and some other possible issues, such as those regarding data selection and analysis, are discussed in the TROUBLESHOOTING section. proceDure experiment preparation • tIMInG 0.5-1.5 h 1| Mount the cantilever in the fluid cell. Turn on the laser and move the camera such that the cantilever is in focus. Align the laser beam at the tip of the cantilever and focus it using the laser-positioning screws until the laser spot looks small compared with the size of the cantilever (Fig. 1f) . Optionally, align the laser focus on the cantilever and compare the total intensity of the reflected beam in different focusing positions until the maximum is obtained.  crItIcal step To minimize light leakage, the diameter of the laser should not exceed the surface dimensions of the cantilever. When you are using a small cantilever, this requirement might not be possible to fulfill. In this case, align and focus the laser as much as possible onto the free end of the cantilever.
2|
Centrifuge the polyprotein sample at 20,000g for 10 min at 4 °C to get rid of possible aggregates.
3|
Position the gold or glass surface on top of the piezo actuator and firmly attach it by using vacuum grease. Add a small volume of polyprotein solution (2-10 µl) to the surface and spread it with the pipette tip without scratching the surface. Wait for 10-20 min to allow the protein to adsorb, but do not let the solution dry out completely. (When you are using silicon or silicon nitride cantilevers, 10-20 µl of protein solution can instead be added directly to the cantilever, skipping Steps 4 and 5. This approach increases the probability of having proteins adsorbed on the surface area close to the cantilever.)
4| Gently wash the nonspecifically adsorbed proteins with buffer. Skip this step if the protein is very dilute or not very sticky (for example, if it lacks terminal cysteines, or if a reductive environment is used).
5| Add a drop of buffer solution (typically 20-100 µl of HEPES or phosphate buffer) onto the cantilever tip and check for air bubbles.  crItIcal step Air bubbles can attach to the cantilever in this step. Focus the camera on the cantilever and look for air bubbles. If air bubbles are present, clean and dry the fluid cell and repeat Step 5.
6| Close the fluid cell by approaching the piezo toward the cantilever until the O-ring seals it.
7|
Align the PD so that the reflected laser beam is aimed at the center of the detector.  crItIcal step Verify that the experimental solution is completely free of particulate matter by examining the force signal, as even low concentrations of micrometer-sized particles can have a strong adverse effect on the stability of the measurements by scattering the laser beam used to monitor the position of the cantilever.  crItIcal step After closing the fluid cell, wait for 10-60 min for the system to thermally equilibrate and for the drift of the cantilever (measured from the PD output) to settle. ? trouBlesHootInG cantilever calibration • tIMInG 5 min 8| Measure the thermal fluctuations (power) spectrum of the oscillations of the cantilever by using a fast Fourier transform analyzer. Select the main vibrational mode and integrate the resonance peak.  crItIcal step The thermal fluctuations spectrum contains information about the quality of the experiment. Mechanical drift affects the low-frequency region of the power spectrum, whereas electronic noise will yield sharp peaks in the highfrequency range. A change in the position of the resonance peak within the same class of cantilevers can be indicative of the presence of a bubble or of structural damage to the cantilever. Record the power spectrum far from the surface in order to avoid dampening from the surface. ? trouBlesHootInG
9|
Bring the cantilever close to the surface by monitoring the PD signal. An automatic procedure is implemented in our setup, by using the motorized stage to control the distance between the cantilever and the surface.
10|
Move the piezo actuator such that the cantilever touches the surface and then retracts to break the contact. Perform a deflection-extension curve. Fit a line in the region where the cantilever is in contact with the piezo-moving surface and has a linear behavior (this region is often referred to as 'the constant compliance region'; Figs. 2b and 6c) . The slope in this region relates the PD signal in V with cantilever tip displacement in nm (see the calibration section above).  crItIcal step A good practice for checking whether the calibration is correct is to run the spectrometer in forceextension mode for a few cycles. The force-extension recordings using a correctly calibrated cantilever will show the expected unfolding force (which depends also on the approach-retract velocity) and expected change of the contour length of the protein (when fitted with a phenomenological model for polymer elasticity, such as the worm-like chain).  crItIcal step Analyze the part of the force curve before the cantilever comes in contact with the surface in order to detect laser interference; this is normally evident as a sinusoidal curve (Fig. 6a) . Interference affects the force applied to the protein in force-clamp mode. (ii) Apply a short 0.2-s pulse with a pushing force of −100 pN to record the contact location.
(iii) Choose a pulling force that is sufficiently high to unfold the protein under investigation.
(iv) Increase the pulling force to a high value (~1,000 pN) to break the tether.
(B) chemical reactions under force
(i) Set the AFM to push the cantilever into the protein layer adsorbed on the surface with −1,000 pN for 1 s.
(ii) Apply a short 0.2-s pulse with a pushing force of − 100 pN to record the contact location.
(iii) Apply a short pulling pulse (typically ~0.3 s) at a pulling force that is high enough to unfold all the protein domains and expose the cryptic bonds. (iv) Adjust the force in the second pull pulse to measure the force dependency of the chemical reaction.
(v) Increase the pulling force to a high value (~1,000 pN) to break the tether.
12|
After setting the desired pulse protocol, optimize the feedback gain constants to obtain optimal response time. Typically, the integral gain is the only parameter that needs adjustment from the standard values. Start with a small gain value and increase in small increments until the system goes close to resonance (high-frequency oscillations in force and length), and then reduce the gain with one step. ? trouBlesHootInG 13| Once it is started, the experiment can automatically run for extended amounts of time, up to several days. During each attempt to attach a protein, the experimental pulse protocol is automatically canceled if the attachment is unsuccessful. Each complete successful protocol ends with a high pulling force (~1,000 pN) that causes detachment, allowing for a new trial. Data are saved after each trace.  crItIcal step Traces can be selectively saved only if they comply with the requirements set by the user, such as the number of measured steps and/or the duration of the trace. ? trouBlesHootInG 14| Change the value of the force in order to obtain the force dependency of the studied reaction.
Data analysis
• tIMInG 1-2 h 15| Select traces having clear, equal unfolding steps and crop them between the beginning of the plateau that precedes the first unfolding event and a point close to their detachment point (Fig. 4a) ; for disulfide reduction experiments, the first cut is made at the start of the reduction pulse (Fig. 4b) . Discard traces with mixed unfolding and reduction steps in the second pulse.
16| Superimpose all selected and cropped traces obtained at a given force and choose an adequate duration limit. Exclude all traces where detachment occurred before this duration.
17|
Sum the final set of cropped traces and normalize by dividing by the final summed length (Fig. 5c). 18| Calculate the measured rate and error using a bootstrapping analysis procedure that assumes a specific model for the process (such as an exponential constrained through the origin, specific for a two-state process (Figure 5c,d) or a more complex model, taking into account factors such as static disorder 17 ).
19| Plot the measured rates in logarithmic scale as a function of force. Use the Arrhenius or other kinetic models to extract the activation energy and the distance to transition state (Fig. 8) . ? trouBlesHootInG ? trouBlesHootInG problem: 'shaky' signal (step 7) There is unbiased random noise in the recordings, on a subsecond-to-second time scale, which is usually indicative of particulate diffusion in the solution. Particles present in the measuring buffer scatter the laser beam and add noise to the force measurement (in force extension) or length measurement (in force clamp). Dismantle the experiment, clean the fluid cell and replace the surface, and then restart from Step 2.
problem: thermal fluctuations spectrum has an unusual shape (step 8) The shape of the thermal fluctuations spectrum can indicate possible problems. A broken arm of a V-shaped cantilever or an air bubble will change the position of the resonance peak and can be solved by either replacing the cantilever or the buffer. We recommend using boxes of individual cantilevers rather than wafers to avoid damaging the cantilever in the process of carving. A thermal spectrum that is acquired too close to the surface affects the calibration, resulting in incorrect estimates of 〈x 2 〉 and the spring constant of the cantilever (Fig. 6b, blue trace) . The separation between the surface and the cantilever should be increased in such a case. The presence of viscous compounds such as glycerol in the measuring solvent leads to a shift in all the fluctuation peaks that must be taken into account in order to integrate the full range of the resonant mode (Fig. 6b, green trace) .
problem: interference pattern is detected in the noncontact part of the force-extension traces (step 10) Interference effects can appear when you are using reflective surfaces such as gold (Fig. 6a) . The presence of interference induces a change in the real applied force as a function of surface-tip separation during the force-clamp experiment. Measurements obtained in the presence of interference have an error in the force proportional to the magnitude of the measured interference in force-extension curves. The use of nonreflective surfaces such as glass and mica may eliminate interference, but attachment of proteins to these surfaces is generally poorer than that on gold (with the possible exception of attachment to glass using covalent chemistry methods, such as the HaloTag method presented in Box 1). If you are working with reflective surfaces (such as gold), reduce or eliminate the interference either by slightly changing the position of the laser on the cantilever without severely affecting the total reflected voltage, or by refocusing the laser so that there is no light leakage. Alternatively, slightly tilt the surface so that the surface-reflected light does not hit the PD, or replace the cantilever.
problem: constant compliance region is not linear (step 10)
As shown in Figure 6c , the constant compliance region may not have a linear domain when too much protein is adsorbed on the surface or when small cantilevers are used. If too much protein is adsorbed, restart the experiment using less protein.
For small cantilevers, a clean uncoated surface can be used to obtain the slope of the PD signal with cantilever bending distance. Owing to the lack of a protein layer, measurements with this surface will have a well-defined inflection point when the cantilever touches the surface. In this case, the deflection-extension curve might also show a high-force detachment peak, characteristic for the cantilever-glass attraction. This peak does not interfere with estimation of the slope. problem: piezo calibration (step 10) The calibration of the capacitive sensor of the piezo as a function of applied voltage is reported by the manufacturer, and this may cause substantial error due to the limitations of the calibration method used. The linear piezo actuator used in our setup is less prone to this kind of error. Whenever you are using a new piezo, verify and adjust the calibration of the positioning sensor from the unfolding steps of a known protein (for example, unfolding of ubiquitin at 100 pN shows step increases of 20 nm).
large variations in the measured spring constant Nowadays, most cantilevers are reproducibly manufactured to have the same spring constant, and little variation is expected from cantilevers within the same box. pID response slower than reaction rate As shown in Figure 6d , the feedback response time might be too slow to capture fast events. Under these conditions, the setpoint force is reached in a time comparable to the rate of the measured process or is not reached at all for the fast-occurring events. The response time (i.e., the time it takes the feedback loop to recover the setpoint force after an extension event) depends on the properties of the cantilever and the settings of the PID loop. Increase the integral gain until it is close to resonance, or choose a faster cantilever. If the response time of a given cantilever model is longer than normal, replace the cantilever. A plateau in the high-rates region of the rate-force plot (Fig. 7) may be indicative of the fact that the PID response time is limiting the rates that can be measured. problem: cantilever calibration changes over time (step 13) Thermal drift and mechanical damage of the cantilever can occasionally lead to a change of the already calibrated parameters. We recommend obtaining a force-extension trace every few hours and checking that the contact part shows the same slope as for the original calibration. If a change in the slope of the constant compliance region is measured, the cantilever should be recalibrated by moving it away from the surface and repeating Steps 8-10. If a change in the total intensity of the laser takes place, reposition the laser to obtain maximum intensity and recalibrate the cantilever. If a substantial change in the value of the cantilever spring constant is measured, change the cantilever.
problem: variation of the separation between the surface and the cantilever with time (step 13) Mechanical drift can cause errors in the surface-tip distance measurement. This kind of drift can come from a poorly attached surface on the piezo, a poorly fixed cantilever or evaporation of the measuring solvent. Our instrument uses a piezo motor to adjust the separation between the cantilever and the surface before every attachment trial. If this kind of drift persists, check the attachment of the surface to the piezo and of the cantilever to the fluid cell. In addition, try adding more measuring buffer.
problem: the force dependency shows a plateau at lower rates (step 19) Measurement of slow rates can be biased by selecting traces whose duration is short compared with the kinetics of the reaction of interest 22 . Make sure that traces are long enough so that the majority of the reactions are completed before detachment (Fig. 7) .
problem: the force dependency of the studied process is not reproducible (step 19) Errors in the calibration of the cantilever have a direct impact on the measured slope of the force dependency of the process (dotted lines in Fig. 7) . A constant displacement of the cantilever can be expressed as ∆z = F r /k r = F m /k m , where F r and k r are the real pulling force and spring constant, and F m and k m are the measured pulling force and spring constant. If we consider Arrhenius kinetics, the variation of the reaction rate with the measured force follows
Hence, an error in the calibration is directly reflected in the measured distance to the transition state through ∆x m = (k r /k m ) · ∆x. Therefore, overestimation of the spring constant (k m > k r ) leads to smaller experimental slopes (Fig. 7) . In contrast, if the spring constant is underestimated (k m < k r ), ∆x will be overestimated (Fig. 7) . When you are using data from different miscalibrated experiments, the extrapolated rate at zero force may also be affected. To avoid calibration errors of this sort, cycle between forces within the same experiment. This approach minimizes any effect arising from time-dependent changes in calibration. Compare the force dependency measured for the same forces with different cantilevers. If the pick-up rate is too low to allow for measurement of the entire force range in a single experiment, choose at least one reference force. If the calibration is correct, the rates of reaction at the reference force will be consistent for different experiments and/or cantilevers. If the results at the reference force deviate significantly from the average value, discard all data obtained for that particular experiment.
• tIMInG Steps 1-7, experiment preparation: 0. 
antIcIpateD results
We have successfully used force-clamp AFM to study the force dependency of mechanical unfolding of proteins 14, 15 , as well as chemical reactions including formation 46 , isomerization 38 and cleavage of disulfide bonds 13, 16 . Force-clamp AFM has also been used to study protein folding 20, 47 , rupture of lipid bilayers 48 , mechanical strength of catch bonds 49 , avidin-biotin interaction 50 and actin network growth 51 . For future studies, systems readily amenable for this technique include metal chelation 52 , receptor-ligand binding 53 , isopeptide bond formation 54 and ring opening of cyclic compounds 55 .
Successful force-clamp recordings are fingerprinted by the appearance of staircases composed of characteristic step changes in the length of the protein, where each step marks a single unfolding event or a single chemical reaction. Owing to the probabilistic nature of processes taking place at the single-molecule level, no two traces are identical. Nevertheless, the averaged summed extensions of a sufficient number of individual traces (typically n > 20; Fig. 5c ) render reproducible results.
In our experience, the proportion of successful recordings showing clean staircases varies greatly among proteins. Some proteins such as I27, protein L or ubiquitin, adsorbed on gold, can provide over 1,000 pickups per day, with an estimated 5-10% of traces showing clean fingerprints that can be used for further analysis. Although it is more difficult to implement, the covalent attachment chemistry presented in Box 1 yields higher pickup yield, and it has the advantage of an increased probability of tethering the polyprotein at its termini. Experiments using this chemistry show a 40-50% pickup efficiency, out of which ~25% are full-length unfolding traces. Therefore, a force dependency composed of four data points can be obtained in just one day or a few days of experiments. However, some proteins may aggregate or become inactive in a matter of days after their purification. The presence of reducing agents in the measuring buffer may also affect the pickup yield by disrupting the attachment to the gold surface. For proteins that are more challenging to measure, we recommend investing time in optimizing the experimental conditions (buffer, concentration of protein, incubation time and so on) so that at least 5-10 good traces are obtained per day.
In Figure 8a , we show three different force dependencies for three different reactions: mechanical protein unfolding, chemical reduction of disulfides and enzyme-catalyzed reduction of disulfides. The different force dependencies report on the different nature of the energy landscape of the reactions. Protein unfolding shows a strong dependency with force, characterized by a large distance to the transition state, in the range of 1.6-2.5 Å (refs. 18,22,56,57; black points in Fig. 8a) . The height of the unfolding energy barrier can be directly obtained by extrapolating the unfolding rate in the absence of force, by using the recently measured pre-exponential factor of 10 9 s − 1 (ref. 19 ). The absolute value of the unfolding barrier changes from protein to protein, reminiscent of its different mechanical stability. Interestingly, the height of such an energy barrier is increased upon introduction of an osmolyte such as glycerol, which stabilizes the native conformation of the protein (Fig. 8b) .
Chemical reactions using small nucleophiles such as thiols, phosphines or hydroxyl ions have a markedly smaller distance to the transition state, spanning between 0.3 and 0.5 Å (refs. 13,24,25) depending on the chemistry of the attacking nucleophile. Notably, thiol-based reducing agents such as DTT induce a smaller distance to the transition state (∆x = 0.31 Å) compared with phosphine-based reducing agents (∆x = 0.44 Å; ref. 25) . Interestingly, ab initio simulations showed that during the reaction with a thiol-based nucleophile, the disulfide bond extends at the transition state with approximately the same length as the measured distance to the transition state ∆x (ref. 13 ). This trend was further confirmed by studying the atomistic mechanisms underlying the reduction of nucleophiles with different central atoms (P, O) 25 . Hence, these observations suggest a direct relationship between the slope of the force dependency of a chemical reaction experimentally measured with sub-Ångström resolution by force-clamp AFM and the conformation of the transition state of the process along the pulling coordinate.
In contrast to the simple exponential force dependency of disulfide reduction by small chemical nucleophiles (Fig. 8a , green data set), reduction by thioredoxin enzyme shows a complex force dependency composed of separate regimes (Fig. 8a , red data set). These regimes report on different chemical mechanisms and conformational rearrangements used by the enzyme during its catalytic activity 28 . In the low-force regime, the negative force dependency of thioredoxin-catalyzed reactions underlies a shortening of the substrate, whereas the transition state acquires the geometry required for the S N 2 mechanism 16 . Alternative reaction mechanisms become prominent at forces over 200 pN, making thioredoxin enzymes active over the whole range of experimental forces 28 . The extrapolated rate at zero force also contains important information that can be used to estimate the free energy of the process using specific attempt frequencies 19, 26 .
If the guidelines described in this paper are followed, results are free of potential pitfalls that were not unusual just 5-10 years ago. The production of cantilevers has been improved, such that commercial cantilevers are reliable and give consistent results from batch to batch. Even in the challenging conditions imposed by viscous solutions, the calibration of cantilevers is highly reproducible. Results obtained in different setups and/or by different experimenters are also consistent. For example, in Figure 8b we show the unfolding rates of wild-type I27 measured with different cantilevers and setups (denoted using different symbols) and in HEPES buffer containing 0, 30 and 50% (vol/vol) glycerol (different color codes). There is little variation of the force dependency of I27 with glycerol concentration, although we detect a clear stabilization of the native state induced by the osmolyte, as indicated by the slower rate of mechanical unfolding. We included in this protocol saved measurements from a typical experiment, alongside the number of traces selected and a procedure for loading these traces in Igor Pro (Box 2 and supplementary Data). In summary, single-molecule force-clamp spectroscopy is a robust technique that provides insights into the molecular mechanisms governing biological reactions at the single-molecule level, such as protein folding or chemical reactions under mechanical force. These experiments have prompted a new field of computational analysis 11, 16, 58 , which will complement single-molecule experiments to provide an integrated framework in order to understand force-induced processes occurring within the core of an individual molecule.
Force-clamp AFM has reached maturity. The commercialization of state-of-the-art setups will make the technique available to biochemists, chemists and biophysicists who want to explore the energy landscape of biological and chemical reactions. We expect to see improvement in the component parts of the AFM setup in the upcoming years, leading to an increase in sensitivity and speed. Our AFM setup already uses a linear piezo without hysteresis. Although this piezo is currently limited to relatively small travel distances of 800 nm, future models will increase this range. Smaller and softer cantilevers are expected to emerge alongside with better laser-focusing optics. These cantilevers will have a fast response time and little thermal noise. A change of the laser detection system to fluorescence or electromagnetic methods may allow for further reductions of the cantilever size and for further increases in the bandwidth of the AFM. Cantilever technology may expand the currently available force range and improve the system stability, allowing for measurement of hour-long traces. Furthermore, design of new protein substrates may allow for mechanochemical studies of covalent bonds besides disulfides. This approach requires the development of experimental systems that link a chemical reaction with a measured change in length. For example, specific residues in polyproteins can be cross-linked with small molecules containing reactive bonds that become exposed upon mechanical unfolding.
Box 2 | Sample data set
We have made available online the raw data from a single typical experiment that shows the full spectrum of challenges encountered in the analysis of force-clamp measurements (supplementary Data). This data set probes the mechanical unfolding of I27 in the presence of 30% (vol/vol) glycerol, measured at four different forces. After reading this practical guide, the reader should be able to (i) select and cut traces showing clean fingerprints; (ii) sum the traces at each force and (iii) reproduce the force dependency of the reaction shown in Figure 8b (red circles). The reader is also encouraged to deviate from the protocols and observe many of the possible artifacts that we describe, for example, when including traces with short detachment times. We also include the traces that we selected by following the guidelines described in this paper. We used those selected traces to obtain the rates that appear in Figure 8b .
